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Developing efficient photothermal catalysts with full spectrum response is one of the frontier topics in photo-
thermal catalytic of VOCs. In this work, La;.,Fe,MnO3 (0 < x < 0.2) was synthesized via citrate sol-gel method.
Under full spectrum illumination of 1.3 x 10* W/m?, Lag oFeo 1MnOj3 exhibited a more superior activity (86.7%
toluene conversion and 84.6% CO;, yield). Through controlled experiments, not only the origin of photothermal
activity, but the possible intrinsic drivers (Fe doping and photoactivation) of the enhanced activity were also

revealed. Particularly, the mechanistic details of their facilitating reactions were thoroughly studied, where the
improved mobility and activation of lattice oxygen played the primary role. Moreover, the co-effect of Fe doping
and photoactivation on the resistance to complex gas components (SO2, H20) and durability was systematically
investigated. Eventually, the plausible pathways and mechanisms of toluene oxidation were proposed. This study
provides a new insight into photothermal catalysts with full spectrum response for environmental remediation.

1. Introduction

In recent years, some hazardous volatile organic compounds (VOCs)
have attracted growing attention (e.g., formaldehyde, benzene, toluene,
and acetone) due to their carcinogenic and teratogenic properties [1], as
well as being important precursors of ozone, particulate matter, and
photochemical smog, which adversely affect human health and
ecological environment [2]. Many end-of-pipe methods have been
applied to eliminate VOCs, such as absorption [3], plasma decomposi-
tion [4], and photo/thermal catalytic oxidation [5,6]. At present, pho-
to/thermal catalytic oxidation (PCO/TCO) is the dominant technology
to degrade VOCs into harmless products [7,8]. However, PCO is usually
limited by the low efficiency of light-utilization, while TCO requires
high energy consumption, which hinders their further development [9].
Photothermal catalytic oxidation (PTCO) provides a novel strategy to
stimulate the synergy between PCO and TCO, which is currently one of
the frontier research topics for VOCs degradation [10,11]. It perfectly
combines the high catalytic efficiency and stability of TCO with the low
energy consumption of PCO, and with this approach, the ultraviolet
(UV), visible (VIS), and infrared (IR) light in solar light can be exploited
more effectively [12]. In other words, PTCO provides a more efficient

conversion of solar (especially for low-energy photons) to chemical
energy, which is of great significance for solving energy and environ-
mental problems. Moreover, light has been shown to have an activating
effect on the surface oxygen species, which can significantly optimize
the reaction path [13]. PTCO technology is also found to promote water
resistance and coke resistance while simultaneously enhancing catalytic
activity [14,15]. Therefore, PTCO is expected to be effective in
restraining the deactivation of catalyst, which makes it promising for
practical complex flue gas applications, especially in industrial painting,
steel plants, and petrochemical industries [5].

Since the majority of the energy required for PTCO reaction is
derived from light-to-heat conversion [16], the broad light wavelength
absorption (covering IR range) and efficient photothermal conversion
(coupling the captured photons into thermal energy) are prerequisites
for an ideal photothermal catalyst. Recent studies have confirmed that
ABOgs-type perovskite oxides may be one of the promising photothermal
catalyst candidates [17,18]. Thereinto, LaMnOgs-based materials receive
much focus in photothermal catalysis of VOCs due to their great
reducibility and surface oxygen availability. As reported by Chen et al.
[19], LaMnO3 showed great catalytic activity for gaseous styrene under
VIS illumination, and Li et al. [17] demonstrated that toluene could be
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efficiently oxidized on CeOy/LaMnOj3 under IR illumination. In general,
VIS-IR light with low photon energy has a limited ability to excite the
traditional PCO, but it exhibits a significant heating effect, thus driving
the redox reactions [20]. Additionally, it had been reported that the
light in the high-energy UV region could excite photogenerated carriers
over LaMnOs-based materials, and further actuated the PCO reaction
[21]. If the high-energy UV region and VIS-IR region are combined to
couple the optical and thermal effects, LaMnOg-based materials will
show a more distinctive PTCO performance. Nevertheless, it has not
been systematically investigated so far.

On the other hand, the A-site cations in LaMnOs perovskites, which
are not catalytically active, will preferentially occupy the native surface,
resulting in unsatisfactory catalytic performance [22]. Researchers have
worked extensively on this issue. It was proposed that the structural
modification of perovskites by in situ heteroatom doping into the lattice
framework could be a feasible and efficient strategy [23]. For example,
the partial substitution of A-site La by some metal cations (e.g., Sr, K, Ce,
Co) can regulate the valence state of the B-site active metal, promote
rapid electron transfer, and improve the redox properties while main-
taining structural stability [24-26]. Fe has also been shown to be a
promising dopant for the A/B-site of LaMnOs, where the doping at B-site
could improve the concentration of reactive oxygen species and reduc-
ibility in the degradation of o-xylene, and the A-site doping promoted
the reactivity and thermal stability in chemical looping reforming of
methane [4,27]. However, to the best of our knowledge, few studies are
devoted to the role of Fe for the A-site doped LaMnOj3 in VOCs oxidation.

Herein, in this work, a series of Fe doped LaMnOs at A-site photo-
thermal catalysts (Laj.xFe,MnOs, 0 < x < 0.2) were synthesized via sol-
gel method, and their physicochemical properties were characterized.
Their PTCO performance of toluene was evaluated under full spectrum
illumination, and it was further unraveled that the photothermal activity
mainly derived from the light-driven heat. The results also showed that
Fe doping and photoactivation synergistically promoted the oxidation of
toluene. By combining multiple analytical techniques, the mechanistic
details of the advanced activity driven by Fe doping and photoactivation
were thoroughly studied. The mobility and activation of lattice oxygen
species were found to play the primary role. Moreover, we proposed the
possible pathways for toluene oxidation, and the co-effect of Fe doping
and photoactivation on catalysts resistance and durability was also
investigated. It is envisaged that the elucidation of Fe doping and pho-
toactivation effects gives a more explicit direction for developing
effective photothermal perovskite catalysts for environmental
preservation.

2. Experimental section
2.1. Samples preparation

La;.,Fe,MnO3 samples (x = 0, 0.05, 0.10, 0.15,0.20) were synthe-
sized via citrate sol-gel method. More details can be found in the Text S1
of Supplementary Information.

2.2. Samples characterization

The physicochemical properties of samples were investigated by
diverse techniques, including X-ray diffraction (XRD), scanning electron
microscopy (SEM), Brunauer-Emmett-Teller (BET), inductively coupled
plasma optical emission spectrometry (ICP-OES), X-ray photoelectron
spectroscopy (XPS), Fourier transform infrared spectroscopy (FTIR),
UV-VIS-IR diffuse reflectance spectroscopy (DRS), electron para-
magnetic resonance (EPR), temperature-programmed desorption of Oy
(O2-TPD), temperature-programmed reduction of H; (H-TPR),
temperature-programmed reduction of CO (CO-TPR), in situ diffuse
reflectance infrared Fourier transform spectroscopy (in situ DRIFTS),
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and 80, isotope tracing experiment. The detailed characterization
methods were described in the Text S2.

2.3. Calculation method

Density functional theory (DFT) calculations were conducted by
Vienna Ab initio Simulation Package (VASP, version 6.2.1). The
perovskite structure Fe doped LaMnO3 models (Lag gFep1MnO3) were
generated based on the (110) surface of standard perovskite structure
(Pm—3 m (221)) LaMnOg system (Fe: La=1: 9), and selected the optimal
one (constructure II) from three different constructions (Fig. S1), the
optimized structure of LaMnOs and Lag gFep 1 MnO3 were also presented.
More details on the calculations were provided in Text S3.

2.4. Catalytic performance evaluation

2.4.1. Photothermal catalytic activity

As shown in Fig. S2, the photothermal catalytic performance of La;.
«FexMnOs (0 < x < 0.2) for toluene was evaluated in a cylindrical
stainless-steel reactor with a quartz window under a 300 W Xe lamp
(PLS-SXE300+, A= 320-2500 nm). The light intensity was adjusted
between 0.7 and 1.3 x 10* W/m? (corresponding 7-13 SUN intensity).
The 0.1 g catalyst was later coated on the sand core with a diameter of
80 mm, and the surface temperature was measured by locating a ther-
mocouple on the center of the catalyst layer. The simulated air flow
(20% O2/Ny) carrying 500 ppm toluene was passed through the catalyst
layer at a total flow rate of 50 mL/min, giving a gas hourly space velocity
(GHSV) of 30,000 mL/(geh). In the case of water vapor introduction,
3-15 vol% H30 was introduced by passing the feed stream through a
water saturator at a certain temperature. For introducing SO2, 100 ppm
SO, from a 2000 ppm SO cylinder (balanced with N5) was introduced to
the reaction system via a mass flow controller.

Prior to illumination, the sample was pretreated under simulated air
flow at room temperature for 1 h, enabling adsorption-desorption
equilibrium of toluene on the catalyst layer. The concentration of
toluene was monitored by an online gas chromatograph (GC, GC-2014C,
SHIMADZU) equipped with a flame ionization detector (FID), and CO4
as the final product was detected by PGA-650 (Phymetrix, USA). The
toluene conversion and CO; yield were calculated by Egs. (1) and (2),
respectively. The standard deviations were calculated from the repeated
measurements of catalytic performance curves, and the standard de-
viations were all below 3%.

Additionally, the turnover frequencies (TOF, S~1) values, Fe content
and surface area normalized reaction rates (rj,, mol-gfel-s’l, TSpers
mol-m~2s~1) were calculated in Text S4.

. — [Tol
Toluene conversion (%) = [Toluenc, [Toluenc, x 100% 1)
[Toluene];,
[COZ] roduced
CO, yield (%) = "% x 100% @
[COZ]IhEOI’CIiCal

Where [Toluene];, and [Toluene],,; represent the inlet and outlet con-
centration of toluene, respectively; [CO2]produced and [CO2ltheoretical are
the concentration of CO, produced in outlet gas and the theoretical
value for complete conversion of toluene, respectively.

2.4.2. Thermocatalytic activity

The thermocatalytic oxidation (TCO) activity of the samples for
toluene was evaluated on a tubular quartz reactor (i.d.= 6.00 mm,
length= 600 mm) at different temperatures. The catalyst dosage,
toluene concentration, gas component, and flow rate were consistent
with the PTCO conditions. The experimental procedure was detailed in
our previous publication [28].
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3. Results and discussion
3.1. Catalytic performance

The PTCO performance of La;_,Fe,MnOs3 (0 < x < 0.2) samples with
varied light intensity for gaseous toluene was evaluated under full
spectrum (UV-VIS-IR) illumination. As illustrated in Fig. 1a and b, with
the elevated light intensity from 0.7, 0.9, 1.1-1.3 x 10* W/m?, the
toluene conversion and CO yield of all samples increased markedly, and
the CO; yield displayed a transient and abrupt rise after raising the
illumination intensity, which probably due to the decomposition of
accumulated intermediates. Obviously, Fe doping improved the cata-
lytic activity and selectivity significantly. After the light illumination of
1.3 x 10* W/m? for 90 min, their performance followed the sequence:
Lag.oFep.1MnO3 > Lag gsFep osMnOs > Lag gsFep.1sMnO3s > Lag gFep oM
nO3 > LaMnOs, where LaggFep1MnOs performed the best with
maximum toluene conversion of 86.7% and CO; yield of 84.6%.
Notably, as a control, the commercial TiO (P25) showed quite inert in
the PTCO of toluene (Fig. S3). And for comparison with previously re-
ported photothermal catalysts (Table S1), Lag gFep.1MnOs also exhibits
remarkable performance. Interestingly, LaggsFeposMnO3 exhibited a
greater improvement at lower light intensity of 0.7 and 0.9 x 10* W/m?,
whereas the Lag gsFep15MnOs and Lag gFep oMnOg improved poorly.
This phenomenon indicates that the effect on the catalytic performance
varies with the amount of Fe doping. Since La in LaMnO3 was usually
inert species and not involved in the catalytic reaction, while the B-site
Mn was catalytically active, we calculated the TOF per unit amount of
Mn ions to assess the effect of Fe doping at a conversion less than 20%
[17]. The results in Table S2 showed that the Lag gFeg.;MnOg exhibited
the highest TOF values. Furthermore, by normalizing the toluene reac-
tion rate with Fe weight, their catalytic performance was contrasted
with excluding minor differences in Fe doping among samples. As
Table S2, Lag.gFep.1MnOs also exhibited the highest reaction rate, both
normalized by Fe content (1.03 x 1075 mol-gl?ells_l) and surface area
(2.96 x 1077 mol~m’2-s’1). Therefore, we suggest that the beneficial
interaction between Fe and LaMnOs has no linear relationship with the
content of Fe doping, and when the appropriate amount of Fe is 0.1, it
gives a more desirable performance.
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Additionally, the long-term PTCO performance of LaggFep1MnOg3
was tested under the light illumination of 1.3 x 10* W/m?. As shown in
Fig. 1c, the toluene conversion and CO; yield only exhibited a slight
decrease in a 34 h toluene stream (500 ppm), illustrating outstanding
durability. And the stability of LagoFeyp1MnO3 was investigated by
repeatedly changed the light intensity, the results of Fig. S4 showed the
excellent stability of Lag gFeg 1 MnO3s. We also conducted the cyclic tests
(2 h per cycle) to measure the cyclability of Lag gFep ;MnOs. It could be
seen from Fig. 1d, after 8 th cycle, the toluene conversion and CO3 yield
were still kept as high as 85.7% and 83.3%, respectively. These are
important indicators to evaluate whether the catalyst has potential
applicability in the real exhaust, the LaggFep1MnO3 with excellent
durability, stability and cyclability is expected to be a promising pho-
tothermal catalyst in practical application.

3.2. Origin of activity

According to the synergistic mode, photothermal catalysis can be
classified into thermal-assisted photocatalysis, light-assisted thermal
catalysis, light-driven thermal catalysis, and photothermal co-catalysis
[12]. To deeply understand the PTCO mechanism over La;_,Fe,MnOs
(0 < x < 0.2) samples, it is necessary to figure out the origin of activity.
Thereby, the optical absorption capacity of all samples (Fig. 2a) was first
investigated. The LaMnOs exhibited intense absorption between 200 nm
and 2500 nm, processing great ability in light utilization, which was
consistent with the previous reports [17,19]. After the doping of Fe, the
samples maintained a broad and intense absorption. However, it was
weakened with the increase of Fe content, especially in the IR region.
Generally, the samples with strong absorption in the VIS-IR region
enable it a highly active photothermal responsive that absorbs light and
releases the absorbed photons as heat efficiently. To further measure the
photothermal conversion ability of samples, their equilibrium temper-
ature under light illumination was recorded as Fig. 2b. The sequencing
of the equilibrium temperature on these samples corresponded well to
the DRS results. Such energy supply from the effective photo-thermal
conversion could maintain the surface temperature of samples at
about 180 °C, thus potentially driving the occurrence of some endo-
thermic reactions, such as the oxidation of toluene.

Fig. 1. (a) Toluene conversion and (b) CO, yield over La;Fe,MnO3; (0 < x < 0.2) samples with varied light intensity under full spectrum illumination. The
durability (c) and cyclability tests (d) of PTCO performance on LagoFeq1MnOs. (Reaction condition: 500 ppm toluene, 20 vol% O,/Nj, light intensity=1.3 x10*

W/m?).
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Fig. 2. (a) UV-VIS-IR DRS and (b) equilibrium temperature under light illumination of La; ,Fe,MnO3 (0 < x < 0.2) samples. (c) The toluene conversion and CO,
yield over Lag oFeo 1 MnO3 under different wavelengths of light illumination (UV-VIS-IR, VIS-IR, IR, UV-VIS and VIS). (d) The variation of PTCO activity and surface
temperature on Lag oFeg1MnO3 under an ice water bath. (e) The toluene conversion and (f) CO, yield of La; Fe,MnO3 (0 < x < 0.2) samples under traditional

TCO reaction.

As we known, the short-wavelength UV light are the primary energy
source for traditional PCO, while long-wavelength VIS and IR spectra
can hardly excite the photogenerated carriers, their contribution to
some redox reactions is mainly attributed to their thermal effects [16,
29]. To investigate whether the photothermal catalysis on
Lag oFep.1MnO3 has both PCO and TCO reactions going on simulta-
neously, we placed the cut-off filters (420 nm and/or 800 nm) between
the Xe lamp and quartz window to subdivide the UV-VIS-IR light into
VIS-IR, IR, UV-VIS and VIS regions, as shown in Fig. 2c. Obviously, the
activity under VIS-IR light illumination was much higher than that of IR,
UV-VIS and VIS light, but lower than UV-VIS-IR light. When enhancing
the VIS-IR light intensity until the induced temperature was close to that
of UV-VIS-IR light, the activity of the two differed little. It implied that
the VIS-IR light played a more critical role, which provided the required
heat energy to trigger the oxidation of toluene over LaggFep1MnOs.
When controlling the light intensity of VIS-IR, IR, UV-VIS and VIS
consistent with the UV-VIS-IR light (Fig. S5), the activity showed a
similar trend as that of Fig. 2c. Notably, under the relatively low
UV-VIS-IR light illumination of 0.1 x 10* W/m? and heated at 183 °C
simultaneously, the activity showed a slight decrease, which suggested
that light also had an activation effect and related with intensity.
Interestingly, we placed it in an ice water bath, and further estimated the
activity under light illumination of 1.3 x 10* W/m? at low temperatures
(Fig. 2d). It was found that the surface temperature was rapidly
decreased from 183 °C to 77 °C due to the heat dissipation, which
caused the toluene conversion plummeted and closed to 0%. Besides,
there was feeble and no significant signal change of the photogenerated
free radicals (-OH,-O2) at dark and light illumination (Fig. S6). The re-
sults indicated that the contribution of traditional PCO was relatively
insignificant or even negligible, and the activation of light acted on the
basis of thermal effects.

In general, it can be argued that the excellent PTCO activity of
Lag.gFep.1MnOs3 originates from light-driven thermal catalysis with the
activation of light. Owing to its excellent photothermal conversion
ability, it can rapidly convert the absorbed light (mainly the VIS-IR

region) into heat, which increases the temperature of the local active
sites, and suffices to induce the oxidation of toluene. Traditional TCO
experiments also confirmed it. As presented in Fig. 2e and f, their
sequence of TCO activity was consistent with that of PTCO, with the best
performance of Lag gFep ;MnO3 (Tgp= 208 °C). And toluene began to be
oxidized at around 180 °C, which meant that the equilibrium tempera-
ture (183 °C) of LaggFep1MnO3 under UV-VIS-IR illumination could
reach the light-off temperature for toluene oxidation. Thus, the light-
driven thermal catalysis of toluene could occur. In addition, the equi-
librium temperature of Lag gFep 1MnO3 under IR illumination (109 °C)
was much lower than the Tjight.ofr but still showed a certain activity,
which further illustrated the existence of photoactivation. It was
consistent with the report of Yu et al. [18]. In conclusion, the Fe doping
and photoactivation effect both significantly impact the catalytic per-
formance of LaMnOs. But how Fe doping and photoactivation affect the
catalytic performance for toluene, as well as the specific reaction path-
ways and mechanisms, are subject to be illustrated by further detailed
characterizations and DFT calculations.

3.3. The effect of Fe doping

3.3.1. Crystal phase structure

Fig. 3 shows the XRD patterns of La;Fe,MnOs (0 < x < 0.2) sam-
ples. The diffraction peaks located at about 22.9°, 32.6°, 40.2°, 46.8°,
52.7°,58.2°, 68.3°, 73.2°, and 77.8° can be indexed to the (100), (110),
(111), (200), (210), (211), (220), (300), and (310) crystal planes of
LaMnOg (JCPDS PDF #75-440), which suggests the successful synthesis
of a well single-phase LaMnOj3 perovskite. After Fe doping, there was no
significant shift in the characteristic peaks, but became broader and
weaker sequentially with increasing Fe content. It was indicated that Fe
doping could suppress the crystallization of LaMnO3 and lead to more
non-crystalline phases [30], thus reducing the crystallite size (Table 1).
Moreover, the cell volumes of La;.,Fe,MnO3 (347.61-348.57 10\3) were
shown to be reduced than that of LaMnO3 (349.26 /0\3), which could be
ascribed to the partial substitution of the smaller ionic radius of Fe>*
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Fig. 3. XRD patterns of La; Fe,MnO3 (0 < x < 0.2) samples.

(0.62 A) for La3* (1.17 Z\), and lead to the cell lattice shrinkage and
distortion [25,27]. It might further induce the generation of lattice de-
fects [25]. Notably, no characteristic peaks of Fe species were observed,
suggesting Fe cations might incorporate into the lattice of LaMnOg and
were highly distributed [4]. And a newly weak diffraction peak located
at 29.9° was detected on Lag gsFeg.15MnO3 and Lag gFeg 2MnOs, which
was assigned to the (101) lattice planes of hexagonal La;O3 (JCPDS PDF
#74-2430). The presence of LayO3 impurity could attribute to the sur-
face enrichment of La species during calcination, which discouraged the
formation of the perovskite phase and led to the decrease in catalytic
activity [31].

3.3.2. Morphological and textural properties

The morphologies of the samples were characterized by SEM, as
depicted in Fig. S7. All samples have a bulk structure with spongy-like
surface consisting of agglomerates and numerous pores, which favors
the exposure of active sites. Such morphology is a consequence of the
thermal decomposition of citric acid [32].

Fig. 4 presents the N adsorption-desorption isotherms and pore size
distribution curves. At the relative high-pressure ratio (P/Po= 0.4-1.0),
all samples possess the typical IV isotherms with an H3 type hysteresis
loop, which indicates the presence of mesoporous structures. And their
particle sizes are basically clustered between 2 and 20 nm, which affirms
this inference. Moreover, as shown in Table 1, with increased Fe content,
the pore size of samples exhibited a decreasing trend (from 11.3 to
8.0 nm), suggesting the structure transformed from the stacked state to a
loose state. While their specific surface area and pore volume were
increased with Fe content, which was consistent with the XRD results
and suggested the inhibition of crystallization [29]. Thereinto,
Lag gFep.oMnO3 showed the highest specific surface area (43.5 mz/g)

Table 1

The textural parameters of as-prepared samples (theoretical values in brackets).
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and pore volume (0.106 cms/g), which was believed to benefit the
adsorption/oxidation of toluene. However, the actual catalytic perfor-
mance lacked a linear correlation with these textural properties, hence it
might not be the dominant factor.

3.3.3. Surface chemical states

The XPS technique was utilized to evaluate the surface elementary
composition and chemical states (La 3d, Mn 2p, and Fe 2p) of Laj.
«Fe,MnOs (0 < x < 0.2) samples (Fig. 5a), and the corresponding
quantitative results were summarized in Table 2. It was worth
mentioning that the (La+Fe)/Mn molar ratio of the La;.,Fe,MnO3
(0 < x < 0.2) samples was approached 1.0, and the doping amount of Fe
was also agreed well with the theoretical value (Table 1), which indi-
cated that Fe successfully substituted La in the A-site instead of Mn in the
B-site.

As shown in Fig. 5b, the spin-orbit splitting of La 3d is around
16.8 eV for all samples, suggesting the trivalent state of La [33]. Obvi-
ously, the peaks of La 3ds,; and La 3ds/» slightly shifted toward lower
binding energy as the Fe content increased, which could be attributed to
the elevated electron density around La cations [34]. And there was no
significant change in the main peaks, implying La species possessed a
relatively stable chemical environment. The Mn 2p spectra (Fig. 5¢) is
divided into two components, where the peaks at 641.8-641.9 eV
correspond to Mn>* species, and the peaks at 643.1-643.4 eV can be
assigned to Mn*" species [17]. As presented in Table 2, the Mn**/Mn3*
molar ratio of La;.,Fe,MnOs3 (0 < x < 0.2) decreased to 0.65-0.69 by
comparison with LaMnOs (1.17), implying that Fe doping had led to
more low-valence Mn3*. While the lower manganese state (Mn®h)

Fig. 4. N, adsorption-desorption isotherms and pore size distribution curves
(inset) of La;_,Fe,MnO3 (0 < x < 0.2) samples.

Sample Fe doping” (wt Surface area” (m?/  Pore volume® (cm®/  Mean diameter‘ Crystal size® Lattice constant (A) Cell volume*
% A®
0) 2) g) (nm) (nm) a b R (A7)
LaMnOg / 31.9 0.101 9.3 14.9 5.498 5.498 13.342 349.26
Lag gsFep.osMnO3 1.14 (1.18) 19.2 0.063 11.3 12.2 5.494 5.494 13.296 348.57
Lag oFep.1MnO3 2.35(2.39) 28.6 0.064 9.7 11.6 5.489 5.489 13.291 348.38
Lag gsFeg.1sMnO3 3.41 (3.65) 36.1 0.104 9.0 11.6 5.485 5.485 13.306 347.96
Lag gFep oMnO3 4.81 (4.96) 43.5 0.106 8.0 10.5 5.482 5.482 13.307 347.61

# The doping content of Fe was calculated by ICP-OES results.

b The specific surface area was calculated based on Ny adsorption-desorption by the BET method.
¢ The pore volume and mean pore diameter was calculated by the BJH method.

4 The lattice parameter was obtained by XRD patterns.



Q. Yu et al

Applied Catalysis B: Environmental 327 (2023) 122441

Fig. 5. (a) The full XPS spectra and high resolution XPS scans of (b) La 3d, (¢) Mn 2p and (d) Fe 2p for La;_,Fe,MnO3 (0 < x < 0.2) samples.

Table 2
The surface chemical states and quantitative results of as-prepared samples.

Sample Molar ratio of Mn 2p* Fe 2p* 01s" 0, consumption (mmol/g)” H, consumption (mmol/g)*
La+Fe)/Mn"
(La-Fe)/Mn Mn**/ Fet/ O/ 100-300°C  300-600°C  600-900°C  Total ~ 100-500°C  500-800°C  Total
Mn?" Fe?" Oads
LaMnOs3 1.03 1.17 / 1.13 0.056 0.342 0.551 0.949 1.822 1.670 3.492
LagosFeoosMnOs  1.09 0.67 0.99 1.46 0.315 0.307 1.099 1721  1.865 1.769 3.634
Lag oFep.1MnO3 0.97 0.65 1.45 1.48 0.073 0.657 1.418 2.148 3.760 0.796 4.756
Lag gsFep 15sMnO3 0.98 0.68 1.16 1.39 0.081 0.477 1.527 2.085 3.993 0.821 4.814
Lag gFep oMnO3 0.93 0.69 1.08 0.98 0.076 0.504 1.510 2.09 4.077 0.808 4.885

# Calculated by the XPS results.
b 0, consumption from O,-TPD profiles.
¢ H, consumption from Hao-TPR profiles.

present in the crystal can promote the mobility of lattice oxygen and
affect the surface reactive oxygen species [35]. These properties were
reported to facilitate the redox reaction of toluene [29].

For Fe species (Fig. 5d), two main asymmetric peaks are located at
around 710.8 eV and 723.9 eV, which are assigned to the Fe 2p3/» and
Fe 2pj /o, respectively (spin-orbital splitting of 13.2 eV) [25]. And the
other peak at about 718.3 eV corresponds to the shake-up satellite,
indicating the presence of surface Fe>t [36]. The Fe 2ps, orbit can split
into two peaks, which are attributed to Fe?* (710.4-711.0 V) and Fe>*
(712.2-713.7 eV), accordingly [37]. The valence state transformation of
the Fe cations from +2 to +3 indicated a significant change in the
electronic structure, which also verified the successful doping of Fe to
the LaMnOs lattice [38]. Notably, the high-valence Fe®" can act as the
active site for toluene oxidation, and its concentration in Lag gFeg ;MnOs3
is the highest of all samples (Fe>*/Fe?"=1.45). Combined with the
decrease of Mn**/Mn>" after Fe doping, we speculated there was an

intense interaction between Fe and Mn species, which greatly acceler-
ates electron transfer and meets the needs of multi-electron reaction (e.
g., toluene oxidation). In addition, after PTCO or TCO reactions
(Fig. $8), the peak position of surface Mn** and Fe** on Lag oFeq 1MnOs
moved to higher binding energy, and the ratio of Mn*"/Mn®* and
Fe3'/Fe?" were differentially reduced (Table S3). The results suggest
that the surface Mn*" and Fe>" as the active components are involved in
the redox reaction of toluene.

3.3.4. Reactive oxygen species

Generally, reactive oxygen species are tightly involved in the
adsorption/activation of VOCs molecules, especially lattice oxygen
plays an essential role in the Mars-van-Krevelen mechanism for the
oxidation of aromatic VOCs [17]. Accordingly, we applied the XPS, TPD,
TPR techniques to reveal the types and properties of reactive oxygen
species in the as-prepared samples. And DFT -calculations were
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Fig. 6. (a) O 1 s XPS spectra, (b) O»-TPD profiles (the inset is an enlarged part from 350 °C to 550 °C), and (c) Ho-TPR profiles of La; ,Fe,MnO3 (0 < x < 0.2)
samples. The O, adsorption simulation of (d) LaMnOs and (e) Lag gFep1MnO3. The O, and toluene co-adsorption at same (f) and different sites (g) simulation of

Lag oFeg 1MnOs3. The isosurfaces are set to 0.002 eVeA 3.

conducted to investigate the effect of Oy for adsorption/activation of
toluene.

As shown in Fig. 6a, the O 1 s spectra are used to identify the surface
oxygen species. The peaks at around 529.5-529.6 eV, 531.1-531.6 eV,
and 533.4 eV can be assigned to surface lattice oxygen (Ojay), surface
adsorbed oxygen (O,gs), and hydroxyl/adsorbed molecular water (O.
on), respectively [29]. The associated quantitative results are summa-
rized in Table 2. As a symbol of the intrinsic relationship between
reducibility and oxygen species, the atomic ratio of Oja/Oqads Was
increased substantially after Fe doping, which might be related to the
valence variation of the metal species [30]. Thereinto, the
Lag.gFep.;MnO3 showed the highest value of 1.48 compared to LaMnOs
(1.13), demonstrating that the Fe had a significant impact on the reac-
tive oxygen species. Moreover, the peaks of Oja inclined to slightly shift
toward higher binding energy, which could ascribe to the decrease in
electron density around Ojaet [39]. The Oja¢t atoms may bond less tightly
in the structure, and lead to higher mobility [40].

0,-TPD was applied to further investigate the mobility of oxygen
species. As presented in Fig. 6b, which are divided into three regions. In
the low-temperature region of 50-300 °C, the oxygen desorption peaks
belong to the chemisorbed oxygen species (O; or 027) and physisorbed
molecular oxygen [41]. For 300-600 °C, the peaks can be assigned to

the desorption of surface Oy, Species (0%7) generated by lattice defects
[31]. At the high-temperature region (600-900 °C), the peaks are
associated with the bulk Oy species, which are usually accompanied by
a decreased valence of the B-site metal cations in perovskite oxides [42].
Since the reaction usually proceeds at a relatively low temperature, the
oxygen desorption behavior at low/middle temperatures deserves more
attention. For Lag gsFep osMnOs, the desorption area at the low tem-
perature of 100-300 °C was enlarged significantly, implying a higher
Oags content. It is believed that the O,g4s with strongly electrophilic can
attack organic molecules readily [43]. Thereby, the Lag gsFep 0sMnO3
could perform better at low light intensity (low temperatures). As for
surface Ojyy¢ Species, their desorption temperature is well correlated with
mobility [17]. At the middle-temperature region (300-600 °C),
Lag.oFep.1MnOs exhibited a larger amount and lower desorption tem-
perature than other samples, which indicated that the moderate doping
of Fe could enhance the mobility of surface Oja and accelerate oxygen
species migration from subsurface to surface [17,29]. It was in agree-
ment with the results of XPS. The enhanced mobility and amount of
surface Oy, may be a major factor contributing to the promising PTCO
performance on Lag gFep ;MnO3. Moreover, as listed in Table 2, the total
O, desorption of LaMnO3 (0.949 mmol/g) was much less than that of Fe
doped samples. The Lag gFeg1MnO3 had the most Oy consumption of
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2.148 mmol/g, suggesting a larger amount of reactive oxygen species. It
is probably explained by the fact that the doping of Fe can induce lattice
defects that promote the mobility and/or activation of oxygen species
[25].

TPR experiment is performed to study the reactivity of oxygen spe-
cies. The Hy-TPR profiles are given in Fig. 6¢. It is worth mentioning that
La®* is hardly reduced below 1000 °C, thus the discussion is based on
the reduction of Mn and Fe cations. There are two clear Hy consumption
peaks in LaMnOs, where the peak at low temperatures (100-500 °C)
corresponds to the consumption of a small amount surface adsorbed
oxygen, accompanied by the reduction of Mn*" to Mn®' and a single
electron reduction of Mn>" (located in a highly coordination-
unsaturated microenvironment) to Mn2+, while the second reduction
peak (500-800 °C) is attributed to the reduction of the Mn>" left in the
LaMnOs lattice to Mn®" [44]. After Fe doping, new reduction processes
were occurring, which could be correlated with the surface Fe®* to Fe?*
between 100 and 500 °C, and bulk Fe3* to Fe?", Fe’" to Fe® at tem-
peratures exceeding 500 °C [4]. Obviously, the first reduction peak
tended to shift toward higher temperatures with increased Fe content.
Compared with LaMnOs, LaggsFeposMnO3 and LaggFep1MnO3 both
exhibited a lower reduction temperature. It could be considered that the
moderate doping of Fe improved the mobility of Oy species [45],
consistent with the results of XPS and O,-TPD. Moreover, the Hy con-
sumption at low temperatures is informative for exploring the reduc-
ibility. As given in Table 2, the Hy consumption of Lag gFep ;MnO3 was
significantly increased to 3.760 mmol/g between 100 and 500 °C,
compared to that of LaggsFeposMnOs with 1.865 mmol/g. It is
commonly believed to be related to highly mobilized oxygen species,
which explained the rapid generation of surface sites for Hy adsorption
[46]. And some reactive oxygen species (e.g., surface Ojay) are closely
related to catalytic activity, which is mainly reflected by
low-temperature reducibility. Therefore, LaggFep1MnO3 with better
mobility and quantity of surface Oy may have stronger
low-temperature reducibility despite its slightly higher reduction tem-
perature than Lag gsFeg gsMnOs.

In a typical VOCs oxidation process, the reoxidation of reduced metal
species is well associated with the replenishment of surface Oj,¢ from
free Oy [47]. To pursue long-term reaction durability, the availability of
timely replenishment of consumed reactive oxygen species also needs to
be evaluated. While O, molecules as the main source of oxygen species,
are essential for VOCs oxidation. Thus, a comparison of Oy simulated
adsorption processes of LaMnO3 and Lag gFey 1MnOg was performed by
DFT calculations. As displayed in Fig. 6d and e, the absolute value of
adsorption energy (E.qs) on LagoFep1MnOs (—2.34 eV) was much
higher than LaMnOs (—1.95 eV), and the O—O bond length of Oy on
Lag oFep.1MnO3 was extended to 1.48 A, slightly longer than that on
LaMnOs (1.46 .7\). The results illustrate that O, molecules are more
likely activated on Lag gFeg 1 MnOs. Moreover, the electronic interaction
between the O, and Lag gFep ;MnO3 was stronger than LaMnOg from the
differential charge density. And Bader charge calculation also confirmed
this, the transferred charge (Aq) of O3 on LaggFep1MnO3 was 1.24 e,
whereas that of LaMnOs was 1.09 e, implying that the O, obtained more
electrons from Lag gFep 1MnOs. Therefore, the charge transfer is easier
between the O, and LaggFep1MnOs. Combined with the stronger Oy
adsorption and activation, it is reasonable to speculate that the moderate
doping of Fe will facilitate the formation and regeneration of reactive
oxygen species, thus replenishing the consumed Oja Species and
perpetuating reactions [47]. Furthermore, we investigated the
co-absorption of Oy and toluene on Lag gFep 1MnOs3 (Fig. 6f and g). As
compared to separate absorption of O, (Fig. 6e) and toluene (Fig. S9),
whether co-adsorbed of O, with toluene at the same sites or different
sites, it was obvious that the presence of Oy promoted the adsorptio-
n/activation of toluene. Notably, when co-adsorbed at different sites,
the E;qs was much higher and electronic interaction (Aq, differential
charge density) was more intense than that of at same sites, which might
attribute to the competition absorption between O; and toluene. In fact,
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when Oy and toluene were adsorbed simultaneously, the electron
transfer between O and sample was reduced (especially co-adsorbed at
same sites, the Aq decreased significantly from 1.24 e to 0.56 €), and this
portion might contribute to the electronic interaction between toluene
and sample (Aq (Toluene) was increased from 0.09 e to 0.12 e and 0.14
e), which could further promote the adsorption/activation of toluene.

3.4. The effect of photoactivation

In fact, in addition to the Fe doping, the photoactivation effect
induced by light was also reported to affect the reactive oxygen species
[18,29]. To further investigate the photoactivation effect, some char-
acterizations and DFT calculations were performed.

As shown in Fig. 7a, the O peaks shifted toward higher binding en-
ergy after PTCO reaction, suggesting the Oy, was effectively activated
[39]. Moreover, the Oy, Was more significantly consumed after PTCO
reaction, and the relative amount of O,4s was also found more than that
of TCO (Table S3). In general, the generation of surface O,qs is usually
associated with the adsorption of gaseous Os, and it contributed to the
replenishment of consumed Oyt species [47]. Yu et al. [29] reported
that the photoactivation effect could activate more gaseous O mole-
cules, thus replenishing the surface Oy, Therefore, it is reasonable to
assume that light has a positive impact on activating oxygen species.

CO-TPR under illumination or at dark was also used to study the
photoactivation effect. As displayed in Fig. 7b, a broad TPR peak
appeared around 250 °C, which could be ascribed to the oxidation of CO
by surface O, [48]. Obviously, the peak shifted to lower temperature
under illumination, suggesting that the activity of O was enhanced
due to photoactivation. In addition, the CO consumption of
Lag oFep.1MnOs was significantly increased from 247.0 pmol/g at dark to
311.7 pmol/g under illumination, which indicated that the light could
activate more Oyt Species to be involved in oxidation reactions.

DFT calculations were also performed to study the effect of light
illumination on the Oy activity over Lag gFep 1MnOg (Fig. 7c). Gener-
ally, the visible light absorption of metal oxides derived from the d-
d transition, which induces the materials in the ground state to the
excited state [49]. Accordingly, we applied the constrained occupancy
DFT approach, and changed the d electron number in down and up spin
components to calculate the energy of removing one O atom from ma-
terials in the excited state [50]. It could be observed that the AE of
removing one O atom from Lag gFep 1MnO3 was 0.665 eV, respectively,
which was much lower than that of the ground state (2.092 eV). And
that LaMnOj3 showed the same phenomenon (Fig. S10). It suggests that
the activity of O,y is enhanced by visible light, in agreement with the
result of CO-TPR.

Furthermore, to investigate the catalytic behavior of the Oy, acti-
vated by light, in situ DRIFT was firstly carried out in Toluene/Ny at-
mosphere. As observed from Fig. 8a, some typical characteristic
absorbance bands of toluene appeared, and their intensity slightly
increased with time. The peaks at around 1619, 1551, and 1464 cm
are ascribed to the C=C stretching vibration of the aromatic ring [51].
The bands at 2938 and 2874 cm ™! are from the C—H symmetric and
asymmetric vibration of methylene (—CHy) [52]. While under light
illumination, these typical peaks were weakened or disappeared
immediately. And some new peaks appear at 1594 and 1416 cm ™! are
ascribed to the C=O stretching vibration of aldehydic species and
—COO- stretch modes of benzoate species, respectively [29], demon-
strating the formation of typical intermediates in toluene oxidation. In
addition, the new peak at 1315 cm ™! is regarded as the maleic acid and
maleic anhydride, and the band located at 1735 cm™! belonging to
chain fatty acid is also detected, which are important intermediates in
the ring-opening process of toluene [11]. The results suggest that the
oxidation of toluene can be conducted by using surface Oy Species
activated by light in absence of Os. However, since the Ojy is not
available for timely replenishment, it is difficult to achieve the deep
oxidation of toluene. To further discuss the pathway of toluene
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Fig. 7. (a) O 1 s XPS spectra of fresh and used Lag gFey 1MnO3 after PTCO or TCO reactions. (b) CO-TPR profile of Lag gFep 1MnO3 under Xe lamp illumination and at
dark. (c) Calculated energy of removing one O atom (yellow sphere) from the Lag gFe 1MnOj3 in the ground or excited states. (PTCO reaction condition: 500 ppm
toluene, 20 vol% O,/Ny, light intensity=1.3 x10* W/m% TCO reaction condition: 500 ppm toluene, 20 vol% O,/N5, 183 °C).

Fig. 8. In situ DRIFT spectra of toluene adsorption and oxidation on Lag ¢gFep1MnOj3 in (a) N and (b) air.

degradation, it is essential to investigate the adsorption and oxidation
behavior in the air atmosphere. As shown in Fig. 8b, after introducing
toluene, the typical aromatic ring vibrations at 1601, 1549, 1500 and
1455 cm™! were observed immediately, and their intensity increased
with time [43,51]. In the C—H stretching region (3100-2850 cm_l), the
bands at 3080 and 3037 cm ™! belong to the aromatic ring, and the bands
at 2934 and 2878 cm ™! are attributed to methylene (—CHy). Moreover,
the peak corresponding to the bending vibration of CHj is detected at
1405 cm™! [53]. These results suggest that the toluene can be more
strongly adsorbed on the catalyst through its methyl group in air. While

under light illumination, the weak bands at 1920, 1852, and 1792 cem !
associated with the maleic anhydride are observed, and also detect the
characteristic band of final product CO; at 2330 cm™ Y, which illustrates
the occurrence of oxidation reactions [54]. In contrast, the spectra
remain almost unchanged after heating to 183 °C (agreeing with the
light-induced equilibrium temperature) in the dark (Fig. S11). The re-
sults revealed that light could effectively activate O, Species to be
involved in the oxidation of toluene.

Moreover, similar to the experiments in the N, atmosphere, new
characteristic bands of some important intermediates appeared. The
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weak bands at 1201, 1165, and 1080 cm ™! are regarded as the C—O
stretching vibration of benzyl alcohol [11,51]. The strong bands at 1520
and 1412 cm ™! can be assigned to the —COO— stretching vibrations of
benzoate species, demonstrating the formation of benzoic acid directly
[55]. The bands at 1753 and 1595 cm ™' assigned to aldehydic species
indicate the formation of benzaldehyde [56]. Notably, these bands
(especially the bands belonging to the benzoate species) continued to
increase and became the prominent peaks, which suggested that benzyl
alcohol, benzoic acid, and benzaldehyde are the key intermediates in the
deep oxidation of toluene to CO5 and H,0, and toluene oxidation follows
the benzoate reaction route [57]. In the presence of O, consumed O,
gets timely replenishment, thus the oxidation pathway of toluene is
slightly changed, allowing toluene to be degraded more deeply.

Moreover, to better understand the role of O, on toluene oxidation,
the 80, isotope experiment was further carried out under light illumi-
nation, and the reaction products (C1602, C160180, C1802) were detec-
ted (Fig. 9a). Obviously, the C'0, was generated abundantly,
meanwhile the C1602 was also produced due to the involvement of Ojqay.
However, as the reaction proceeded, the O,qs was consumed and the
peak of C'80, almost disappeared, while C'%0, was still detected, which
confirmed that O, was activated and continuously involved in toluene
oxidation under illumination. Notably, there was no detectable peak of
C1°0'80, suggesting that the O,qs might preferentially oxidize toluene
over the replenishment of O, in absence of Os.

3.5. Reaction mechanism

It is well known that the ring-opening process is the rate-determining
step of toluene oxidation. Thus, clarifying the ring-opening step of
toluene is the highlight of exploring the plausible mechanism. Many
studies have proposed that the reaction begins from the oxidation of
methyl groups and follow the path of toluene — benzyl alcohol —
benzaldehyde — benzoic acid [58]. To confirm this inference, the
stepwise energy barriers of these intermediates on LaMnOs and
Lag.gFep.1MnO3 were calculated (Fig. S12). Obviously, the conversion of
toluene to benzoic acid exhibited a significant heat release trend on
samples, suggesting that toluene was more preferentially converted to
benzoic acid. In addition, the toluene conversion over LaggFeg1MnO3
was much more thermodynamically favorable than LaMnOs;, which
accounted for the higher activity of Lag oFep 1MnOs.

Based on the results of in situ DRIFT, 80, isotope tracing experi-
ment, and DFT calculations, the reaction mechanism in absence of Oy
and in presence of O is presumed and presented in Fig. 9b. Toluene is
first adsorbed onto the catalyst by reacting with the reactive oxygen
species via the C—H bond of the methyl group to form an intermediate
(CeHs —CHy —O). In absence of O, the catalyst gives up its Ojae to
oxidize toluene to benzaldehyde directly, and further transform to
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benzoic acid and maleic anhydride. Meanwhile, the active components
(Mn** and Fe®") are reduced, and new surface oxygen vacancies are
produced. Since the lack of O, the produced oxygen vacancies can be
replenished by the movement of Ojy from the catalyst bulk, thus
enabling the whole reaction cycle to proceed. The enhanced reducibility
by Fe doping and the activated Ojq¢ by photoactivation significantly
promote this process. It showed a typical MvK mechanism. In presence
of O, the adsorbed toluene follows the rapid dehydrogenation step as
benzyl alcohol, benzaldehyde, and benzoic acid. The initiated benzoate
then proceeds through a ring-opening step to form maleic anhydride,
which is further oxidized and finally CO, and HyO [51]. Notably, the
oxygen vacancies formed during the oxidation under oxygen-rich con-
ditions can be more readily replenished by gaseous O, rather than bulk
Olatt due to the easier activation of gaseous Oz on the catalyst surface
[43]. And there are other active electrophilic oxygen species (e.g., O3,
0O7) formed in presence of Oy [59]. Since the nature of reactive oxygen
species strongly influences product selectivity [60], it differs from that
of absence of Oy, the adsorbed toluene is firstly oxidized to benzyl
alcohol.

3.6. The co-effect of Fe doping and photoactivation for reactions

In this work, Fe doping is demonstrated to improve the mobility and
amount of surface O, Species, as well as low-temperature reducibility
by XPS, O,-TPD and Hy-TPR characterizations, while the photo-
activation effect has also been shown to be effective in activating surface
Olatt species by CO-TPR, in situ DRIFT, 1802 isotope tracing experiment
and DFT calculations. The two have synergistically promoted the
oxidation of toluene. From the perspective of practical applications, in
addition to activity, we also investigated the co-effect of Fe doping and
photoactivation on other aspects, such as resistance and durability.

3.6.1. The resistance to complex gas components

O, is indispensable in catalytic reactions. However, O, concentration
may vary from field to field in the actual exhaust gas, it is meaningful to
examine the effect of varying O concentrations on the catalytic activity.
To explore the impact of photoactivation more scientifically, we set the
temperature of TCO to 208 °C, in which the activity is close to that of
PTCO. As displayed in Fig. 10a, with the Oy concentration dropped to
6%, the samples under PTCO reaction showed only a slight decrease,
whereas the performance of LaggFepMnO3-TCO was inhibited (from
87.7% to 74.9%). Interestingly, we found there were more intermediates
deposited on used-Lag gFe.1MnO3-TCO via FTIR analysis, which could
mask active sites thus resulting in the decrease of activity (Fig. S13 and
Text S5). While the light activated more Oy, Species to participate in the
deep oxidation of toluene, which reduced the accumulation of in-
termediates and exposed more active sites, enabling the activity to be

Fig. 9. (a) MS results of evolution of CO, in 80, isotope tracing experiment over Lag oFeq ;MnOs under illumination. (b) The plausible pathways and mechanisms of

toluene oxidation in absence of O, and in presence of O,.
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Fig. 10. Effect of (a) O, concentration, (b) SO, and (c) water vapor on toluene conversion. of Lag gFeg ;MnO3-PTCO, LaMnO3-PTCO, and Lag oFep ;MnO3-TCO. The
comparative durability experiments (d) in absence and (e) in presence of water vapor. (PTCO reaction condition: 500 ppm toluene, 20 vol% Oy/N,, light
intensity=1.3 x10* W/m?; TCO reaction condition: 500 ppm toluene, 20 vol% O5/N,, 208 °C).

maintained. Additionally, in the absence of O, all samples exhibited
relatively low activity, while they were recovered as the Oy concentra-
tion increased again to 20%. Notably, the Lag gFep 1MnOs still achieved
87.2% toluene conversion at 6 vol% O, under illumination, illustrating
its practical applicability in low O; conditions, such as coal flue gas.

In general, industrial exhaust contains various components, such as
SO, and H,0. Thereby, we investigated the resistance of the samples to
SO2 and H20. After introducing 100 ppm SOs into the reaction system,
the toluene conversion of all samples showed a significant and irre-
versible decrease (Fig. 10b). Such a negative effect may be attributed to
the cumulative adsorption of SO, and the formation of sulfur/sulfate
deposition at active sites [61]. Thereinto, the Lag gFey.1MnO3-TCO ac-
tivity (A=-24.5%) dropped more dramatically than that of
Lag oFep.1MnO3-PTCO (A=-4.0%) and LaMnO3-PTCO (A=-5.9%). It
implies that Fe doping and photoactivation can improve the resistance
of the catalyst to SO, to some extent, where photoactivation contributes

11

more. Instead of SOq, the deactivation induced by H»O is reversible. As
displayed in Fig. 10c, with continuously increasing the HyO concentra-
tions, the toluene conversion exhibited a transient increase and then a
slow decrease in all samples. After cutting off HyO, the activity of all
samples was reversible. The transient increase of activity is probably due
to the activation effect of H,O on surface adsorbed oxygen species (O,
02~ etc.), which reacted according to the equation: 05, 03~ + Hy0 —
2 O* +2 —OH [62]. This may favor the adsorption and activation of
toluene, however, as the HoO concentration increases from 3 to 15 vol%,
the excess HoO molecules will competitively occupy the active sites and
continue to accumulate, which results in a continuous decrease in ac-
tivity. In contrast, the LaggFep1MnO3-PTCO exhibited more superior
H70 resistance with only a slight decrease of 8.1%, whereas that of
LaMnO3-PTCO and Lag gFey1MnO3-TCO decreased 14.5% and 17.9%,
respectively. In other words, Fe doping and photoactivation effect
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synergistically improve the resistance to H»O.

3.6.2. The durability

As mentioned in Section 3.1, the LagoFep1MnOs exhibited
outstanding durability in a 34 h toluene stream. To clarify the effect of
Fe doping and photoactivation on durability, a comparative experiment
with 12 h toluene flow was conducted in presence or in absence of water
vapor. As shown in Fig. 10d and e, in absence of water vapor, the activity
of all samples had varying decreases as the sequence of Lag gFeg ;MnO3-
PTCO (A=-2.6%) < LaMnO3-PTCO (A=—4.1%) < LagoFeg1MnOs-
TCO (A=-6.7%). And the crystal phase structure of LaggFep1MnO3
could be well maintained after reactions (Fig. S14). Likewise, the ac-
tivity of samples followed the same order in presence of water vapor
(10 vol% H30): LaggFeyp.1MnO3-PTCO (A=—6.0%) < LaMnOs-PTCO
(A=-10.0%) < LaggFep.1MnO3-TCO (A=-10.5%). It is clear that Fe
doping and photoactivation synergistically improve the durability.

4. Conclusion

In conclusion, the La;.,Fe,MnO3 (0 < x < 0.2) samples were syn-
thesized successfully via citrate sol-gel method. Under full spectrum
illumination of 1.3 x 10* W/m?, Lag oFep ;MnOs exhibited a more su-
perior activity (86.7% toluene conversion and 84.6% CO; yield) for
toluene oxidation. Through controlled experiments, it was unraveled
that the photothermal activity mainly derived from light-driven heat.
The results show that the Fe doping and photoactivation synergistically
improve the PTCO performance for toluene. Specifically, the doping of
Fe not only promotes the formation/regeneration of reactive oxygen
species, but improves the mobility and quantity of surface Oy, as well
as the low-temperature reducibility; whereas the light supplies the heat
energy for the reaction and significantly contributes to the activation of
Oratt species. Therefore, the co-effect of Fe doping and photoactivation
could enhance the PTCO activity, selectivity, resistance to complex gas
components, and durability. Moreover, the plausible pathways and
mechanisms of toluene oxidation were suggested as adsorbed toluene —
benzyl alcohol (in presence of O;) — benzaldehyde — benzoic acid —
maleic anhydride — CO2 + H30. This work opens a new perspective on
LaMnOg-based photothermal catalysts with full spectrum response for
VOCs degradation.
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